9 Current defined chondrogenic culture media lack several vitamins and minerals. Type II collagen is the 10 quintessential marker of articular hyaline cartilage, and is commonly deficient in engineered tissue. A 11 type II collagen promoter driven secreted luciferase construct has been transduced into ATDC5 cells and 12 used to assess vitamin and mineral effects on chondrogenesis in a high-throughput format. 13
combinatorial effects between vitamins, minerals and TGFβ1 in terms of type II collagen expression and 23 metabolism were discovered. An 'optimal' continual supplement of copper and vitamin K in the 24 presence of TGFβ1 gave a 2.5-fold increase in collagen expression over TGFβ1 supplemented media 25 alone. 26
27
Introduction: 28 Osteoarthritis is a leading cause of disability with annual USA healthcare costs in excess of $500 billion 29 contained type II collagen at levels far lower than native (Whitney et al., 2014) , as is the scourge of the 35 field. Current methods used to optimize medium conditions are tedious and inefficient. The goal of this 36 study was to streamline the method to screen for optimal culture conditions using a high-throughput 37 assay of a Gaussia luciferase reporter system linked to a type II collagen promoter. This initial study was 38 applied to the optimization of the base medium components used to differentiate chondrocytes, using 39 ATDC5 cells as a model system. Whitney et al., 2017), use serum-free chondrogenic media to engineer cartilage in vitro (Johnstone et 42 al., 1998) . Upon examination of the composition of this medium, it was noted that several vitamins and 43 minerals potentially relevant to chondrogenesis were absent (Table 1) . To address this disparity and 44 examine their potential effects on chondrogenesis, a high-throughput assay was developed based on a 45 COL2A1-Gaussia luciferase reporter system using ATDC5 cells formatted as aggregates in 96-well plates. 46
The dose responses of each vitamin and mineral was assessed over time. TGFβ1 was used as a positive 47 control, as it has previously been reported to upregulate chondrogenesis in ATDC5s (Han et al., 2005) 48 and other mammalian cells (Puetzer et al., 2010) . Combinations of vitamins and minerals which showed 49 positive increases in type II collagen were tested in the presence of TGFβ1. This article shows proof-of-50 concept data for a high-throughput screen and establishes an improved chondrogenic medium for 51 ATDC5 cells. 52 53 Somewhat surprisingly, the common cell culture medium Dulbecco's Modified Eagle's Medium (DMEM) 54 used in cell culture of chondrocytes (and other cells) lacks several vitamins and minerals that are defined 55 as essential (See supplemental table 1 for common media comparison). It is likely that some or all of 56 these essential components are provided by the supplementation of fetal bovine serum during 57 expansion, but these components are clearly absent during chondrogenic culture using defined medium 58 Kean and Dennis, 2015) . Chondrogenic media compositions have evolved to 59 defined media from that originally reported by Ahrens et al. (Ahrens et al., 1977) in 1977 to a reduced 60 serum medium described by Ballock et al. (Ballock and Reddi, 1994) , then to a serum-free defined 61 medium published by Johnstone et al. ; our current chondrogenic medium is an 62 adaptation of the last (Kean et al., 2016b) . Table 1 (Table 2 and Supplemental Data 1). Some additives resulted in steady expression levels 103 over time, some with minimal effects, such as copper, manganese and molybdenum, while others 104 showed relatively consistent, but modest, levels of upregulation, such as iodine and zinc. Vitamins B7, 105 B12, E and K showed greater levels of upregulation that were, again, predominantly steady in nature. 106
Vitamin A was interesting in that it showed high levels of upregulation up to day 15, but then the 107 expression levels dropped precipitously on day 21. A similar pattern emerged for cobalt where the 108 levels were similar to that of the basal medium control up to day 15 but dropped to approximately half 109 those levels on day 21. 
Vitamin and Mineral Combinatorial Effects:
A selection of those factors that had overall positive effects 113 on the relative luminescence of the conditioned media (vitamin B7, copper, iodine, thyroxine and zinc) 114 were tested at their optimal individual concentration in basal medium and in combination with TGFβ1 115
(1 ng/ml). These 6 factors gave 64 conditions; 53 of which were discovered to be significantly different 116 vs. the basal medium, with 46 being increased and 7 being decreased at day 21 (Supplemental Data 2). 117
An abbreviated selection of conditions in the presence of TGFβ1 is shown in Figure 3 (Table 3) . 147
Figure 4 -Combinations of chromium, vitamins B12, E and K in supplemented media at day 21
Vitamins and minerals which had been identified as promoting type II collagen expression in the initial screen were tested alone and in combination in supplemented medias 1-4 at their individually optimized concentration in basal media. The values are normalized to the plate control (basal media); the red dashed red line indicates the luminescence achieved with that particular supplemented media alone. Conditions that were statistically greater than their respective supplemented media are represented by a  and an *, black symbols indicate that those values were lower than the respective supplemented media. n ≥ 3 ± S.D. identified 40 conditions that were greater than the TGFβ1 supplemented medium. The top 10 conditions 158 that gave greater expression over the whole experiment are shown in Table 4 with an example plot in 159 To assess the effects of supplementation on metabolic activity, resazurin assays were performed at day 164 21. At day 21, increased metabolic activity was detected at low doses of cobalt, copper, vitamin D, 165 vitamin E and zinc ( Fig. 7 and Supplemental Data 5). Decreased metabolic activity was seen at high doses 166 of copper and vitamin D. Vitamin A was predominantly inhibitory and vitamin B12 predominantly 167 stimulatory. When type II collagen-driven luciferase expression was normalized against resazurin 168 metabolism, none of the components tested showed increased expression at day 21 compared to 169 control. Indicating that, at this time point, the effect was predominantly or exclusively linked to 170 metabolic activity. 
A C

Materials and Methods: 175
ATDC5 cell culture and transformation 176 ATDC5 cells (a kind gift of Dr. Florent Elefteriou, Baylor College of Medicine) were grown in DMEM-LG 177 (Hyclone) containing 5% FBS (Atlanta Biologicals) and 1% penicillin/streptomycin (GIBCO) at 37 °C in a 178 humidified atmosphere with 20% O2, 5% CO2. Cells were transformed with pseudolentiviral particles 179 during log expansion phase at approximately 30% confluence. Concentrated lentivirus was diluted with 180 growth medium and mixed 1:1 with polybrene (8 μg/ml; EMD Millipore) in Opti-MEM (Gibco), then 181 applied to the cells. This concentration of polybrene was determined to have minimal effects on 182 proliferation and significantly improved infection. Plates were incubated at 4°C for 10 minutes before 183 transfer to 37°C (humidified atmosphere with 20% O2, 5% CO2) for 12h. Media were then exchanged for 184 growth medium and cells were grown to ~90% confluence. Cells were then trypsinized and re-plated at 185 6,000 cells/cm 2 . After allowing cells to adhere for 24h, infected cells were selected by incubation in 186 growth medium containing puromycin (2 μg/ml; Alfa Aesar) for 1 week. This concentration was 187 determined to be the lowest concentration with >95% uninfected cell death on human mesenchymal 188 stromal cells and chondrocytes (data not shown). Puromycin-selected cells were then grown in normal 189 growth medium for no more than 4 passages before use in differentiation experiments. 
Chondrogenic Differentiation 209
Cells were differentiated in pellet culture at 37 °C in a humidified atmosphere with 5% O2, 5% CO2 210 (50,000-250,000 cells/pellet) in polypropylene 96-well plates (Phenix) in defined chondrogenic medium: 211 DMEM-HG supplemented with 1% insulin, transferrin, selenium + premix; 130 mM ascorbate-2-212 phosphate, 2 mM GlutaMax, 1% sodium pyruvate, 1% MEM non-essential amino acids, 100 nM 213 dexamethasone, 1.25 μg/ml fungizone, 1% penicillin/streptomycin. This medium was further 214 supplemented with vitamins and minerals (Table 4) Luciferase assessment 223
Conditioned cell culture medium was sampled from plates (20 μl/well; MCA) at feeding and pipetted 224 into a white 96-well plate (Greiner) and assessed for luminescence using the stabilized Gaussia 225 luciferase kit (NEB; 50 μl of a 1:1 dilution with 18 MΩ water) and read in a plate reader (Tecan M200  226 Pro; 2s/well, no attenuation). Basal conditioned medium from cells was supplemented with vitamins 227 Discussion: 249
Tissue engineering of cartilage has the potential to ameliorate disability due to arthritis by a) providing a 250 better in vitro model for drug discovery and b) providing a biological replacement eliminating the need 251 for total joint arthroplasty. Without a permissive environment, i.e. one that contains all the vitamins and 252 minerals that have been deemed essential, reflecting in vivo conditions, drug discovery and tissue 253 engineering efforts are potentially hampered by inappropriate responses. This is exemplified in this 254 study through the synergistic effect of vitamins, minerals and TGFβ1 on the expression of type II 255 collagen (Fig 3) . It is perhaps unsurprising that vitamins and minerals which are known to be essential 256 for proper development have significant effects on collagen expression in this in vitro system. It is 257 therefore surprising that they are omitted from common basal media; this work establishes that, while 258 not all components promote type II collagen expression, they can still have an effect on chondrogenesis, 259 such as through the stimulation or inhibition of metabolism. These complex temporal effects are to be 260 expected given the broad range of enzymes, signalling pathways and physiological processes that 261 require these vitamins and minerals for their activity. 262
263
Multiple laboratories have focused on methods to engineer functional cartilage for various applications. 264
In many instances, the mechanical properties fall short of that of native cartilage tissue. One major 265 concern is that the diminished biomechanical properties of engineered cartilage are predominantly a 266 result of insufficient production of type II collagen, which is the most abundant molecule in cartilage 267 after water (Sophia Fox et al., 2009) . Results in our laboratory have shown type II collagen content to be 268 approximately 20% of that in native tissue (Whitney et al., 2018) . Other laboratories have reported 269 similar results, such as those of Sato et al., who showed type II collagen levels from cultured human 270 MSCS at 20% that of native tissue, even after enhancement by the addition of epigallocatechin-3-gallate, 271 which doubled the type II collagen output (Sato et al., 2017) . Similar results were shown by Gemmiti and 272 Guldberg, where collagen content of bioreactor-grown bovine chondrocytes was 25% that of native 273 collagen content (Gemmiti and Guldberg, 2006) , and in a study by Shahin and Doran where type II 274 collagen levels were 18% that of native tissue (Shahin and Doran, 2011) . Other studies have shown 275 collagen levels at less than 10% of native tissue (Mahmoudifar and Doran, 2010; Tian et al., 2013) . 276
277
The goal of the present study was to streamline the methodology for optimizing type II collagen 278 expression and, at the same time, using the examination of vitamins and minerals missing from 279 conventional defined media both as a proof of concept and as a much needed inquiry. To accomplish 280 that goal, an aggregate chondrogenesis assay ) that had been modified for a 96-well 281 format (Penick et al., 2005) was applied as a means to use a high-throughput assay to screen 282 chondrocytes transduced with a Gaussia luciferase reporter driven by a type II collagen promoter. This 283 has resulted in significant insights into the role of vitamins and minerals on chondrocyte metabolism. 284
There is a clear interaction between TGFβ1 and some vitamins and minerals (copper, vitamin A). 285
However, even at our reduced TGFβ1 concentration of 1ng/ml, one tenth of that commonly used but 286 still ~500-times the EC50 and ~10-times normal serum concentration, we may have masked some 287 potential stimulators. 288
289
To date, only a few attempts at developing high-throughput assays for chondrogenesis have been 290 reported. Greco et al., developed what they termed a "medium-throughput" assay that used the human 291 C-28/12 chondrocyte cell line where cells were seeded as 1.0 x 10 4 micromasses in 24-well plates; 292 terminal assays were used to determine gene expression and GAG content (Greco et al., 2011) . Another high-throughput assay, using only 1.0 x 10 4 cells per well, was used to screen for factors influencing 294 mesenchymal stem cell chondrogenesis (Huang et al., 2008) where, again, terminal assays were used to 295 assess gene expression and GAG content. A similar aggregate assay was also described for adipose-296 derived stem cells where 2.0 -5.0 x 10 5 cells per well of a 96-well plate were cultured for several weeks 297 and then assayed for GAG content as a terminal assay (Abu-Hakmeh and Wan, 2014). Another study 298 used ATDC5 cells in a high-throughput assay to test a library of factors for their effect on total collagen 299 production (Le et al., 2015) . In their study, ATDC5 cells were plated at 5.0 x 10 3 cells per well and 300 allowed to expand for 3 days and, after 6 days, were assayed for collagen content using a fluorescent 301 collagen-binding probe (CN35-AF488) to measure collagen content. In all of these cases, the assays were 302 conducted as terminal assays, that is, at the end of the incubation period. One of the strengths of the 303 methodology shown here is that the assays are conducted on conditioned medium, allowing for a 304 complete temporal assessment of the different factors, and combinations of factors, over time. 305
306
Whilst the addition of components to media formulations makes their composition more complex, we 307 would argue that, in order to model the effect of any in vivo manipulation, a permissive environment, 308
i.e. one that contains factors essential for normal cell metabolism is necessary. Given that: 1) cells are 309 relatively efficient in recycling many of their components, 2) in vitro systems are an imperfect model, 310
and 3) the conditions that exist within a developing joint are relatively unknown, our current suggested 311 'optimal' medium for chondrogenesis is: DMEM-HG supplemented with 1% insulin, transferrin, selenium 312 + premix; 130 mM ascorbate-2-phosphate, 2 mM GlutaMax, 1% sodium pyruvate, 1% MEM non-313 essential amino acids, 100 nM dexamethasone, 1.25 μg/ml fungizone, 1% penicillin/streptomycin, 314 1 ng/ml TGFβ1, 670 ng/ml copper, 2.2 ng/ml vitamin K (highest yield, fig. 4 ). However, based on the 315 apparent shift around day 15 both in this work and that shown by Huynh et al. (Huynh et al., 2018) there 316 is potential for a media switch around this time. In addition, we consider that a permissive medium 317 solution would contain other vitamins and minerals at 1/100 th -1/1000 th of their serum max, potentially 318 allowing somewhat of a 'normal' response to other manipulations such as mechanical stimulation 319 (Nazempour et al., 2016) . The proposed supplements to chondrogenic medium are shown in Table 5 for 320 the two time periods 0-15 and 16-21 days. Select vitamins and minerals were removed from the later 321 days in culture as they decreased collagen expression after 15 days; this may be because the tissue is 322 more mature, and they are recycled more efficiently and/or used less. The fat soluble vitamins A, D, E, K 323
and α-linolenic acid should be combined with ITS+ premix as a stock solution as they will bind to the 324 bovine serum albumin in that solution. These suggested media need further investigation in this and 325 different systems. 326 327 
